Fast scan cyclic voltammetry (FSCV) is an electrochemical method commonly used in neuroscience for spatiotemporal measurement of the concentration of dopamine and other electroactive species. Since FSCV involves wide bandwidth measurements of low currents, the technique is normally very sensitive to electrical noise and is typically performed inside a Faraday cage. In order to reduce the electrical noise and to enable measurements in an unshielded environment, we take use of 
Introduction
The detection and quantification of neurochemical species in vitro and in vivo is of great importance within neuroscience. Such measurements have made a large contribution to our understanding of the signaling cascades of the brain and its associated diseases. [1] Further, real time measurements of neurochemical species in the brain may open up possibilities to detect and prevent emerging seizures and other brain disorders. [2] Electrochemical methods combine the advantages of high spatiotemporal resolution and purely electronic instrumentation, which promise for easy implantation. Several electrochemical methods are used within neuroscience, which relay on the oxidation and reduction of electrochemically active neurochemical species at sensing electrodes. The methods primarily differ in the sense how the potential is applied and how the resulting signal is transduced and interpreted. Fast scan cyclic voltammetry (FSCV) is a method of special interest as it combines spatiotemporal resolution with a relatively high chemical selectivity. [3] A triangular waveform is applied to the sensing electrode, often represented by a carbon fiber electrode, with a periodicity of 100 ms. Typically, the resting potential is found in the range of [-0. 4 , 0] V (vs Ag/AgCl) and the maximum potential applied is typically in the range of [0.6, 1.4] V. What distinguishes FSCV from ordinary CV is the relatively high scan speed, often ranging from 50 to 400 V/s. The fast scan speed generates a large nonfaradic contribution to the current, which is subtracted from the voltammogram in order to isolate the faradic current, i.e. to isolate the current originating from the specific oxidation/reduction reaction of interest. Thus FSCV is a differential method in the sense that differences between subsequent scans recorded at various conditions are analyzed. [1] To estimate the concentration of a specific species, a background scan is first performed in absence of the species of interest. Then, the resulting backgroundsubtracted voltammogram is achieved, which provide information about the actual concentration of the species. The chemical selectivity of the method is a consequence of that many neurochemical species have different oxidation potentials and reaction kinetics, and can thus be distinguished in the voltammogram. [4] Further, the high scan speed favors species with fast reaction kinetics over slower ones, which allows for in vivo detection of the neurotransmitter dopamine, which is of great importance to many neurological processes. Thus, sub µM concentrations of dopamine can be detected in the brain by FSCV even in the presence of hundreds of µM of ascorbic acid. [5] FSCV is very sensitive to electrical noise as it involves wide bandwidth measurements of low currents and is typically performed inside a Faraday cage. In order to reduce the uptake of electrical noise it is desirable to amplify the signal as close to the sensing site as possible. This can potentially improve the sensitivity and should also enable measurements in an unshielded environment, thereby opening up for new FSCV applications. Organic thin film transistors is a promising class of transistors for such on-site amplifications. [6, 7] They have recently received significant attention for biosensing applications due to their potential for low cost manufacturing, flexibility, unconventional geometries, biocompatibility and high sensitivity. [8] [9] [10] [11] Organic electrochemical transistors (OECTs) based on the conducting polymer poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) seems especially attractive for certain bioapplications as PEDOT:PSS is stable in physiological electrolytes, have high electronic and ionic conductivity and have been proven biocompatible. [12, 13] The PSS phase facilitates ionic conduction in the material and thereby enables modulation of the oxidation state throughout the entire bulk of the PEDOT:PSS material. A change in oxidation state of PEDOT affect its electrical conductivity of the material system, which can be used as a sensor signal transduction functionality. [14] A key aspect in most sensing applications based on OECTs is to optimize the gate capacitance in relation to the channel capacitance in order to achieve maximum sensitivity. [15] To date, PEDOT:PSS-based OECTs have been used in a plethora of applications, including enzymatic sensing [11] , DNA detection [16] , sensing of antibodies [17] and studies of cell layer formation [18] . Within neuroscience it has been shown that PEDOT:PSS coatings can improve the recording capabilities of neural electrodes and recently PEDOT:PSS-based OECTs were used to improve neuronal signal recordings by amplification of the signal on-site. [13, 19] Further, PEDOT:PSS electrodes have been used in amperometric detection of several electroactive neurochemical species. [20] Inspired of the favorable properties of OECTs, here we report on the incorporation of an OECT in the close proximity of the sensing electrode for on-site amplification in a FSCV setup. The OECT has low impedance which allows for direct measurement with a standard DAQ card. The neurotransmitter dopamine is used to evaluate the sensing characteristics of the device. As microfabricated gold electrodes are used instead of the typical carbon fiber electrodes, [21] our employed approach allows for integration of additional components, which e.g. could be used to incorporate multiple sensing sites or complementary sensing technologies on the same devices. It should be noted, however, that carbon is preferred over gold for FSCV detection of dopamine due to electrochemical reasons. The collected data was analyzed with a MATLAB script. The measured voltage over the resistor was converted into the corresponding channel potential (V Ch ) of the OECT by using the transfer curve (Fig. 2a) . The data was smoothed (Savitzky-Golay filter, 20 points) and a sine wave was fitted to the signal background and subtracted to remove the 50 Hz noise from the signal. The data was smoothed (Savitzky-Golay filter, 800 points), differentiated and multiplied with the effective capacitance from the CV in Fig. 2c and finally smoothed (Savitzky-Golay filter, 800 points) again to obtain I G . During the FSCV measurement, the scanning potential applied to the gate (V G ) is relative to the potential of the channel (V Ch ). In order to obtain the scanning potential versus Ag/AgCl, V Ch was added to V G . The background subtracted forward scan was calculated in the potential range for which both the background and measurement signal was available. A 5x5 Gaussian smoothing filter was applied to the color plot.
Materials and methods

Results and discussion
The device structure comprising an OECT with the corresponding gate electrodes is shown in Fig. 1a Fig. 1a) and thus the conductivity of the channel, which is electrically measured and constitutes the sensing signal.
The OECT was characterized in a phosphate buffered saline (PBS) solution with the Ag/AgCl gate electrode. The source was grounded and the V D = -0.3 V was applied to a resistor in series with the drain terminal (Fig. 1a) . The transfer curve, which relates the potential of the channel to the measured (Fig. 2b) . The g m is constant until ~300 Hz where it starts to fall off and reaches 50% of its maximum value at around 1000 Hz. This means that signal components above 300 Hz will be distorted while amplified by the transistor and thus the sensing gate in FSCV should be scanned with a significantly longer time period than 1/300 ≈ 3.3 ms to allow for correct amplification of the sensing signal. The recorded g m starts to fall off at a lower frequency (~300 Hz) than previously reported for an OECT (~1000 Hz). [13] The reason for this may be that the channel length for the OECT studied here is 20 µm as compared to 5 µm for a previously reported device. Thus, it is expected that OECTs with a shorter channel length would enable faster scanning speeds in FSCV experiments.
In order to obtain the effective capacitance of the OECT channel, a CV measurement was performed on a 200 nm thick PEDOT:PSS film with an area of 28 mm 2 (Fig. 2c) . As indicated by the square-shaped CVs, the scan speed of 100 mV/s was concluded to be sufficiently low. The region of interest is marked in red, as this is the part of the CV spectrum that corresponds to the OECT operation in the FSCV experiment. The effective capacitance varies moderately in this region and it increases for lower potentials.
The ascorbic acid concentration in the brain lies between 200-400 µM. [1] In order to mimic this in vivo environment, PBS solutions containing 200 µM ascorbic acid were prepared. The dopamine concentrations were then varied and different solutions were evaluated in the OECT-amplified FSCV experiment. G2 (d = 10 µm) was found to most favorably match the capacitance of the OECT channel and was therefore used throughout the experiment. The resting potential was set to -0.2 V and a triangular waveform with the maximum potential of 0.7 V was scanned at 50 V/s. The gate current, i.e.
the current from the sensing electrode, was estimated from the recorded drain current from:
where is the potential of the channel which was obtained from the transfer curve (Fig. 2b) and is the capacitance of the channel which was obtained from the CV measurements performed on the PEDOT:PSS film (Fig. 2c) . The average of 20 consecutive FSCV scans for different concentrations of dopamine is plotted in Fig. 3a . The peak at ~0.5 V corresponds to the oxidation of dopamine while the reduction peak is visible at ~0 V. As can be seen in the CV there is a significant non-faradic contribution to the current. This capacitive contribution was then removed in the background-subtracted CV of the forward scan (Fig. 3b) . Here, the oxidation peak at ~0.5 V becomes even more evident and the amplitude I OX at a certain voltage can be used as a measure of the dopamine concentration. The peak values of the calculated currents are in good agreement with previously reported values of FSCV currents for gold electrodes. [21] The mean value and standard deviation of 20 consecutive I OX at 0.485 V are plotted versus the dopamine concentration in Fig. 3c . For low concentrations the sensitivity is high and the amplitude increases rapidly. For higher concentrations the sensitivity decreases as the response signal saturates. This behavior has previously been explained in terms of saturation of adsorbed dopamine to the sensing electrode. [21] The lower concentration range is of the greatest importance to many applications and is therefore plotted in Fig. 3d . For dopamine concentrations below 10 µM the data points are rather scattered but for c DA ≥ 16 µM the data shows a nonlinear trend. The response is expected to be directly proportional to concentration for concentrations below 100 µM. Indeed, a line through the 16 µM and 41 µM data points passes through origin. This is consistent with the predicted response, however only two points is not enough to verify the direct proportionality in this experiment.
It should be noted that the standard deviation in the measurement of each sample is ~0.5 nA, which is significantly lower than the deviation between measurements of different samples. Thus, it is likely that the variation between different samples arises from the measurement procedure, in which the solution is removed and added to the well including the sensor.
To evaluate the interference of ascorbic acid to the dopamine detection, FSCV was performed on an analyte containing 400 µM of ascorbic acid, thus twice the amount of the other analytes. The contribution to I OX at 0.485 V was found to be similar to that of 16 µM dopamine (Fig. 4) . Thus, small variations in the concentration of ascorbic acid has a limited effect on the accuracy of dopamine measurements, although the selectivity towards dopamine can be further improved by increasing the scan speed. [1] For that to be possible, however, the bandwidth of the transistor needs to be improved, as it preferably should be 10-40 times higher than the scan frequency of the CV. The low bandwidth of the employed OECT might be the reason for the smeared out shape of the CVs in Fig. 3a,b . This is a problem as it hampers the ability to distinct different electroactive species from each other in the CV.
Thus, in order to perform faster CVs with less peak broadening, OECTs with a bandwidth of several kHz should be used. Figure 3d for the lower concentrations.
Conclusions
